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nssze Radiation-caused S/C anomalies

IS Model Year Date Type
Hughes, | 501,Anik, 1994 2MeV Discharging
JAXA ETS-6 1994 1994 RB damaged solar panel
NASA STS-61 1992 1992 RB damaged star tracker
NASA TDRS All 1993 SEU sensitivity
NASA EUVE 1992 1993 SEU mode changes
ESA ERS-1 1991 1992 SEU latchup kills instrument
NASA CRRES 1990 1991 SEU kills s/c
NASA HST 1990 1990 SEUs, motor controller etc
ESA Hipparcos 1989 1993 SEU damage to CPU
NOAA | GOES-7 1987 199 SEU reset
NASA ERBS 1984 19841t SEU damage to RAM
NASA | AMPTE 1984 1989 SEU damage to CPU
UOSAT-2 1984 1989 SEU
NOAA | GOES-6 1983 1988 SEU damage to CPU
INSAT-1 1982 1988 SEU upset
NASA DE-1 1981




ESTEC
Report
#11974
1996/NL/
JG(SCO)
Koskinnen
et. al.

Spacecraft

Time

Comment

Reference

DspP Anomalies associated with 1.2 MeW alactrons Vampola, 1994
SCATHA Internal discharges associated with outer radiation Garratt and

belt Whittlesey, 1996
ATS 5 and ATS 6 Chargad to 10 KWV i eclipse at GEOQ SMMASS Report
NOAA spacecraft | from 1971 Contains 2779 events from 1971to 1983 Williinson, 1994

Goddard space-
craft

1993-1995

Nors than 400 anomalies

Remez and
NMeLeod 19946:
Walter, 1995

Voyvager 1

Power-on resets

Leune et al., 19864

Pionser Severe space weather near Jupiter SMASS Report

GPS Clock shift. false conumands James et al.. 1994

Intelsat 3 and 4 S g James et al.. 1994

GOES 2 Laurients et al.. .
1995, 1993

(OES 3 Upseats

GOES 4 Nov 26, 1982 Instriunent failed on arrival of 110-500 MaWV protons | Vampola 1994

Intelsat K

Jan 20 1994

Loss of attitude control 1n GEO

Baker et al. 1994

ANIK E1 and
ANIK EZ

Jann 20-21 1994

Loss of attitude control due to high energy electrons

Baker et al. 1994

ANIK E1

Mhlar 26 1996

Aaray of solar power panels disconnectad

ISTP Newsletter,
Vol 6 no 2, 19946,

DEA-delta

Phantom conumands

Wrenn and Suns,
19968

CTS Short circuit James et al.. 1994
DSCS IT Spin up. amplifier sain James et al.. 1994
DMISP 7 Charged to 300 W 1 less than a second- associated Stevens and Jones,

with a sharp drop 1 1on density

1995

GOES &

July 22 1984

Failure during lugh energetic electron fluxes

Baker

DMSPFLS

Problems wlile passing through an aurora

Anderson and
Koons, 1996

Hispasat 1A and
15

Sep 1992 and
July 1993

Selding, 1998

Telstar 401

Jann 11 1997

Failurs probably due to coronal mass ajaction

Anselimo, 1997

Telstar 402

Spacecraft charging

Lanzerott et al.,
1996

Topeax/Poseidon

Failures due to electrostatic discharges and SEUSs
caused by high enersy protons

Laurient= anc
Vampaola 1996

Intelsat 511 Dt 7 1995 Lost Earth lock http:wanwastro.l
u.se/~henrnl/space
wab htiml

GOES 8 Feb 14 1995 Atntude contrel difficulty hetp:wwrwastro.1
u.se/~hennld/space
Wb htiml

1988-1991 SEUs anticorrelated with solar cvele Wilkinson 1994

CRRES 1990 674 reported anomalies Viclet &

Frederickson 1993

Tempo 2

11 Apr 1997

Temporary power fluctuations.

http:www.seds. or
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Other Failure modes

NOON
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Trajectory of
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MIDNIGHT

Local ime distribution of occurrences of static discharges,
based on 122 reported events.
Fadial extent shows relative number of events in each sector,

Affer Lam and Hruska, 1991, J. Spacecraff and Rockers
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The Earth iz frequently buffeted by solar stormis

BBC News 6/5/2000

Space satellites are to get black box
recorders which store the details of the
moments leading up to disasters. The
project 1s driven by the massive losses
in the space insurance industry.
Companies lost $850m in 1998, after
paying out $1.9bn in claims. ...The

& " project's leader. Dr Andrew Coates,
4 told BBC News Online that the device
& would measure the flow of the high

| energy particles flying through space.

Galaxy 4 Failed May 1998 Blanked
out 90% of US pagers ~$160m

Telstar 401 Failed January 1997TV
stations go off-air ~$200m



ESA report, Daly 2002

pace environmenis anc
GSEI effects analysis section

Effects on Technology

Eamonn Daly

ESA Space Environments and Effects Analysis Section

Noordwijk
The Netherlands
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XMM: Radiation Damage fo Defecfors

Detectors (5 arrays)

Spectrometer
gratings
IITOLS
1

Orbt
48-hr Highly eccentric
Apogee: 115000
Perigee: 7000km
Incliation: 40°

- Leads to potential degradation
of CCDs and to background from
soft protons entering the mirror shells




Mirror Module of
XMM:

* 58 shells with
mm-sized gaps
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Spacecraft Charging

Many satellites experience “anomalies”
which do not lead to satellite loss

e.g. ESA satellites Marecs, ECS, and
Meteosat mn 19807s-90’s

Energetic Electrons

MA Therma

Blanket

ANIK-E1 & E2 failures in 94 & 96 i " Printed
T detor AMT il th N8 Y} /Circuit
( Telstar 401 tailure on 10™ Jan 1997 < », s

following CME on 7% - not charging?

Galaxy4 satellite anomaly led to pager
network outage - not charging? )

For service providers, price of inadequate
hardening can be loss of spacecraft and
expensive compensation / litigation

To protect 1s also expensive as shielding
mass 15 costly




Behaviour of Average Energetic Electron

. Flux before a Mefeosaf Status Anomaly
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Eguvafor-S Failure

Back-up CPU Fails

Enhanced Hot Electrons
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December 97

Primary CPU Fails
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%/ Bad years are getting worse...

Assets in Space - Satellite Insurance

« Total value of more than 600 satellites currently in orbit 1s about $50-100 billion
— 235 of these are msured (value: $20 billion)

« Growing market: 1500 space payloads are expected to be launched the next 10 years

— potential mnsured value $80 billion

$1.600.000,000

$1.,400.000,000

joop| Planned Satellite Launches EPremium
$1,200,000,000 il
o Claims
4 T
=800 Low Earthand $1.000.000.000 7
= Medium Earth Orbit
:r?:fﬁﬂ(} $300.000,000
L -
=400 $500.000,000
% $400,000,000
= 200 FW
< Geosynchronous EarthOrbit $200.000.000
0
1996 1998 2000 2002 2004 50

1980 1981 1892 1893 1894 1985 1986 1997 1098 1899
(11712}



Near Real-Time Dalta

Component

Radiation belts
proton energy
spectrum 1 MeV to
1 GeV

Radiation belts
electrons energy
spectrum 100 keV
to 10 MeV

Available
AMeasurement

GOES

NPOES

GOES
LANL
NPOES

Caveat

Only at GEO

Reduced energy range
Only at 830 km

Only at GEO
Only at GEO
Only at 830 km
Proxy

Proxy

Delay before
availability

5 mn

1 hour

5 mif
24 hours
1 hour

1 day

1 day



Forecasf: Precursor

Phenomenon Tracer Precursor
Flare X, UV, Vis, MeV protons Sunspot
Magnetic structure
CME Vis image Sunspot
ICME Radio CME
Interplanetary scinfillation
SPE MeV protons CME
Substorm AE Kp
NPOES
Storm Kp IMF Bz <0
GOES
LANI
Ionospheric and thermospheric TEC EUV from backside
change Radars IMF Bz <0



A Military Ah-éilogy'
Why can’t we bui
them tough enou




20()5 Sten Odenwald’s Space
Weather 31te. Factoids

" Ly J
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The Outer Van Allen
Radiation Belt

Just the electrons, Ma’am, nothing
but the electrons.
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Mcllwain 1966

—j}— < 4 HRS.

D OI%ES}N ADIABATIC ACCELERATION IJ*

L
PROCESSES I AND 5

100+

STEADY DECAY
{DUE TO SCATTERING INTO
LOSS CONE ? )}

PROCESS 2

10—

ADIABATIC MODULATION BY BOUNDARY
AND RING CURRENT FLELDS
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100
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e > 875 keV
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Nssre Dst correlated & anti-correlated
with ORBE

Polar Hist 1.2-2.4 MeV Polar Hist 1.2-2.4 MeV
Jan. 1-Feb. 25, 1997 April 30-May 25, 1999

L -shell

Dst

01/01/1997 02/25/1997  04/30/1999 05/25/1999



1995/12/10 15:01:4

Yohkoh SXT, Dec 10, 1995 -Apr 15, 1996










Jan 10-11, 1997

Telstar 401 dies, costs AT&T $12M
after insurance.
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1997 (HIST 300-7000 keV e-)

27011001 LOGILM Counts) Contours of (8 spins; Sector vs8 Time
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= 4 POLAR: Observotaons of ngh Energy Electrons

3.5 MeV Electron Flux
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—  GOES—3 Space Environment Monitor {5—Min Averages
Jonuory 1997
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&%  Empirical Prediction
Ne=v (trylng to predict the DOW)

Mcllwain 1966: Geo MeV e increases

Paulikas & Blake 1979: Vsw best external predictor
Nagai 1988: Kp best internal predictor

Baker 90 LPF, Koons&Gorney 90 NN

Li & 03: Ext BC+internal diffusion—> predictor

Dmitriev03 Log-Lin,Ukhorskiy04 NonLinear,
Ballatore 04 breakpoint at V=550km/s

Problem: they don’t work on the big extreme events
(Koons 04). Why? More physics needed.




Sun-Earth Transducers

e Proton pressure = Bow shock, hot plasma (100eV
electron, 1 kev/nuc ion), thermalized ram energy
“Frictional” or “viscous” (pV>"?)

e Impulsive =2 SSC, shock acceleration, Fermi,
radial diffusion, Kp, “mechanical” (pV?)

e Fields - Polar cap potential, convection, ring
current, Dst, AE, “electrical” (V*Bz) [ICME]

 What transducer is Sun> ORBE? Vsw! Poor
correlation with all of the above (they add noise)!



Living With A Star

RBSP Mission Objectives



LWS plan

2001 2002 2003 2004 2005 2006 2007 2008 2009 20-
Begin
Solar DynamicsF're-me SRR/SCR FDR CDR LAUNCH
Observatory eqin
|
Begin Froposals SET 1 SET1 SET 1 SET 2
Space Pre-Form  ATP | Due PDR CDR  Del LRD |
Environment Aty S v ' — ' —-
NEA 1 NRA 2 NEA 3 SET 1 NRA 4 NRA 5
Testbeds Select Select ISelec’[ LRD Select Select
Geospace —h
GMOT Final Report
[Formulatiog Not Started
Awaiting HQ Approval]
ITSP |
Beqin Fo
(TBR)
RBSP | 7777777777 ——
Begin Formulation FPDR CDR
Solar Sentinels Hre-Formufgtion b:’_[_u-:y
(SDT) q:




" The LWS Geospace Stormi
Investigations

Exploring the Extremes of Space Weather

~ Report of the Living With a Star Geospace Mission Definition Team




LWS/Geospace General Objective:

GMDT conclusions

Specific Objectives:

Priority 1: Understand the acceleration,
global distribution, and wvariability of
energetic electrons and ions in the inner
magnetosphere.

SAT report: WG1-5 and 6, WG2-4

Priority 1:
1.1: Differentiate among competing processes affecting the acceleration and
transport of outer radiation belt electrons.

Priority 2:
1.2a: Differentiate among competing processes affecting precipitation and loss
of outer radiation belt electrons.

1.2b: Understand the creation and decay of new electron radiation belts.

1.2c: Develop and validate physics-based data assimilation and specification
models of outer radiation belt electrons.

Priority 3:

1.3a: Understand the role of "seed" or source populations for relativistic

electron events.

1.3b: Quantify the relative contribution of adiabatic and nonadiabatic processes
on energetic electrons.

1.3c: Understand the effects of the ring current and other storm phenomena on
radiation belt electrons and ions.

Priority 4:
1.4a: Understand how and why the ring current and associated phenomena
vary during storms.

1.4b: Develop and validate physics-based and specification models of inner belt
protons for solar cycle time scales.

Priority 2A: Determine the effects of
long- and short-term wvariability of the
Sun on the global-scale behavior of the
ionospheric electron density.

SAT report: WG1-1, WG2-1

Priority 1:
2A.1a: Quantify the relationship between the magnitude and wariability of the
solar spectral irradiance and the global electron density.

2A.1b: Quantify the effects of geomagnetic storms on the electron density.

Priority 2:
2A.2: Quantify how the interaction between the neutral atmosphere and the
ionosphere affects the distribution of ionospheric plasma.

Priority 2B: Determine the solar and
geospace causes of small-scale
ionospheric density irregularities in the
100 to 1000 km altitude range.

SAT report: WG1-2, WG2-2

Priority 3:

2A.3: Discover the origin and nature of propagating disturbances in the
ionosphere.

Priority 1:

2B.1: Characterize and understand the origin and evolution of newly-discoverad

storm-time mid-latitude ionospheric irregularities.

Priority 1:
1.1: Differentiate among competing

processes affecting the
acceleration and

Priority 2:

1.2a: Differentiate among competing
processes affecting precipitation
and loss of outer radiation belt
electrons.

1.2b: Understand the creation and
decay of new electron radiation
belts.

1.2¢: Develop and validate physics-
based data assimilation and
specification models of outer
radiation belt electrons.

Priority 3:
1.3a: Understand the role of "seed"

or source populations for
relativistic electron events.

Priority 2:
2B.2a:
F irreqularities. and their location., maanitude and spatial and temporal evolution.
2B.2b: Understand the conditions leading to the formation of polar patches and
their high-latitude irregularities.

Understand the conditions leading to the formation of equatorial spread-

1.3b: Quantify the relative
contribution of adiabatic and

nonadiabatic processes on

Priority 3A: Determine the effects of
solar and geospace variability on the
atmosphere enabling an improved
specification of the neutral density in the
thermosphere.

SAT report: WG1-3, WG2-3

Priority 3:

2B.3: Enable prediction of the onset, location, and development of E-region
imregularities.

Priority 1:

3A.1a: Determine the variability in the neutral atmosphere attributable to the

solar EUV spectral irradiance.
3A.1b: Determine the variability in the neutral atmosphere attributable to
magnetospheric inputs.

energetic electrons.
1.3c: Understand the effects of the

Priority 2:
3A.2: Determine the variability in the neutral atmosphere attributable to
internal processes.

ring current and other storm
phenomena on radiation belt

Priority 3:
3A.3: Determine the variability in the neutral atmosphere attributable to

electrons and ions.

atmospheric waves from below.



Nsste GMDT Mission Description

Parameter

Driver

Mission life 2 yr, 5 yr expendables Radiation shielding

Orbit 500 x 30,600 cm Magnetic L-shell coverage
<18°inc., 12° goal Particle distribution measurements
“‘chasing” orbits

Orientation Spinner Simplify solar array design

Spin axis <15° from Sun
Spin rate about 5 rpm

E-field measurements need
even lighting on two sensors

Attitude knowledge

1°, 0.3° goal, 3¢

Flux gate magnetometer
Search coil magnetometer

Attitude control

2°, 30

Spin axis <15° from Sun

Cleanliness

Magnetically clean
Electromagnetically clean

Magnetometers
Search coil magnetometer
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1) Diffusion from outside .. —
2) Diffusion & Loss
3) Internal acceleration




Selesnick & Blake Summary

M = 600 MeV/G

BEFORE "
DURING "
AFTER 1




Green & Kivelson Summary

M = 1000 MeV/G
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The
VLF->ULF
Theory of
MeV electron
production

]
+ Microbursts
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LANL

Taylor et al, 2004
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~ Radial distance (Rg)



Nssze  What's Needed (Reeves(04)

- - /
" = ’
.
e ol

* Near-equatorial Phase Space Density
— measurements
— pitch angle resolved particle fluxes
— local magnetic field measurements
— global magnetic field model

« Multi-point measurements with
— simultaneous measurements at different AL
— simultaneous measurements at different AMLT

« Ancillary measurements of particles and fields



A Briet Introduction to Cusp
MeV electron theory

The next 12 slides were skipped in
the original talk.



Sheldon et al
GRL 1998
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Cusp Diamagnetic Cavities
a.k.a Magnetic Bubbles
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CEP (Ions)
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e Trapping in T96 Cusp
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Limits
e Energy Limits (1% invariant at 100nT)

— Minimum energy, Emin, 1s defined by cusp “separatrix”
energy (ExB = VB) ~ 30 keV in the dipole?

— Max energy, Emax, defined by rigidity.~ 4 MeV e
(20keV H+)

— Consequently, no protons are expected to be trapped.
 Pitchangles locally 40-90°, (2" invariant)

 Low C-shells are empty below 1 Re for all energy,
with a high-Cshell cutoff ~6 inversely dependent on
Energy. 1 < C <~6 Re



Mapping Cusp to Dipole

e Conserving the 1% invariant, and pitchangle scatter
the particles into the cusp-loss cone (<40°), then the
particles can appear 1n the dipole trap, or radiation
belts. What would their distribution look like?

— Energy limits to the rad belts, give ~ 0-100 keV for
protons, and 1-15 MeV for electrons.

— C-shell limits to the dipole give ~5<L<w0?-> very close
to the PSD “bump”.

— Mapping pitchangles =2 50° < o < 90° at dipole eq?

e Cusp particles look like ORBE 1njections.



Model

1. Fast solar wind 1s trapped in the cusp

— 27 day recurrence, non-linear with Vsw

2. High Alfvenic turbulence of fast SW heats the trap

— Low Q-value, 2compressional, BEN
3. 2" Order “Fermi” accelerates electrons
— Low energy appear first, then high w/rigidity cutoff.
4. Trap empties into rad belts simultaneous L=4-10
— “‘gentle” evaporation, or “rapid” topology change

— Imitially “butterfly” around 70-deg equatorial
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The Reason that Vsw interacts non-linearly is that it
does several things at once. It heats the seed population,
while also making the trap deeper.



Proposed RBSP instrument
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e Pinhole Camera w/ multiple
Pinholes




CONCLUSIONS

* The Outer Radiation Belt Electron
conundrum will be solved by making new
science measurements of high resolution
energy, pitchangle, space and time

e This will enable ~24-48hr advance warning
of MeV events.

* When combined with Solar warnings, this
may become a week advance notice
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